We present a study of the parsec-scale multi-frequency properties of the quasar S4 1030+61 during a prolonged radio and γ-ray activity. Observations were performed within Fermi γ-ray telescope, OVRO 40-m telescope and MOJAVE VLBA monitoring programs, covering five years from 2009. The data are supplemented by four-epoch VLBA observations at 5, 8, 15, 24, and 43 GHz, which were triggered by the bright γ-ray flare, registered in the quasar in 2010. The S4 1030+61 jet exhibits an apparent superluminal velocity of (6.4±0.4)c and does not show ejections of new components in the observed period, while decomposition of the radio light curve reveals nine prominent flares. The measured variability parameters of the source show values typical for Fermi-detected quasars. Combined analysis of radio and γ-ray emission implies a spatial separation between emitting regions at these bands of about 12 pc and locates the γ-ray emission within a parsec from the central engine. We detected changes in the value and direction of the linear polarization and the Faraday rotation measure. The value of the intrinsic brightness temperature of the core is above the equipartition state, while its value as a function of distance from the core is well approximated by the power-law. Altogether these results show that the radio flaring activity of the quasar is accompanied by injection of relativistic particles and energy losses at the jet base, while S4 1030+61 has a stable, straight jet well described by standard conical jet theories.
INTRODUCTION
Multi-wavelength observations are a powerful tool to study the emission mechanisms at subparsec and parsec-scales of active galactic nuclei (AGN). Relativistic jets of quasars are oriented close to the line of sight, which in combination with the Doppler boosting effects makes them to be some of the most powerful objects in the Universe and to show strong variability at wavelengths from radio to γ rays.
Whereas the very long baseline radio interferometry (VLBI) technique enables us to study subparsec-to-parsec structure of quasars, γ-ray telescopes have much poorer resolution and the location of this emission is not established well.
Many authors have discussed the connection be-
⋆ Contact e-mail: evgenia.v.kravchenko@gmail.com tween radio and γ-emission. Valtaoja & Teraesranta (1996) ; Jorstad et al. (2001) ; Lähteenmäki & Valtaoja (2003) ; Kovalev et al. (2009); Pushkarev et al. (2010) ; León-Tavares et al. (2011); Fuhrmann et al. (2014) ; Ramakrishnan et al. (2015) and Karamanavis et al. (2016) reported significant correlations between these bands. While localizing the γ-ray emitting region authors agree that it originates in the relativistic jet of AGN, but dispute about more precise location of this emission within a jet. Two scenarios are favoured: the sub-parsec region around the central massive black hole (e.g., Blandford & Levinson 1995; Tavecchio et al. 2010; Dotson et al. 2012 ) and the regions located few parsecs downstream the jet, where jet becomes transparent at radio wavelengths (e.g., Lähteenmäki & Valtaoja 2003) . The parsec-scale core was identified by Kovalev et al. (2009) ; Pushkarev et al. (2010) as a likely location for both the γ-ray and radio flares, which appears within typical timescales of up to a few months of each other. Many γ-ray flares are connected with the ejection of a newly born components (e.g., Jorstad et al. 2001; Agudo et al. 2011 ) but sometimes no observed components can be associated with the γ-ray flares (e.g., Piner & Kingham 1998) , though many sources show dual properties (e.g., Ramakrishnan et al. 2014; Morozova et al. 2014) .
In this paper we present multi-epoch multi-frequency VLBI analysis of the flat spectrum radio quasar S4 1030+61 (TXS 1030+611, 1FGL J1033.8+6048), which shows strong variability at radio and γ-ray wavelengths. This is a high optical polarization quasar at a redshift of 1.4009 (Schneider et al. 2010; Inada et al. 2012) . It is being monitored by the Large Area Telescope (LAT) on board of Fermi Gamma-ray Space Telescope (Fermi ) and by the 40-m radio telescope of the Owens Valley Radio Observatory (OVRO) since 2008, providing good time coverage. After a bright γ-ray flare occurred in 2010 (Ciprini 2010; Smith & Bechetti 2010; Carrasco et al. 2010 ), a four-epoch VLBA campaign at 5, 8, 15, 24, and 43 GHz was started. These VLBI observations are supplemented by observations within the MO- tailed kinematic, polarized and radio-to-γ-ray study of the blazar. This paper is structured as follows: in Section 2 we describe VLBA, OVRO, and Fermi observations, and data reduction. In Section 3 we present results of the jet structure and kinematics study, core shift analysis, study of the polarization properties, decomposition of the radio light curve onto flares, and joint radio-γ-ray analysis. In Section 4 we discuss these results, with the astrophysical interpretation touched. Section 5 summarizes our findings. Through the paper the model of flat ΛCDM cosmology was used with H0 = 68 km s −1 , ΩM = 0.3, and ΩΛ = 0.7 (Planck Collaboration et al. 2015) . The angular size of 1 mas in this cosmology corresponds to 8.68 pc linear scale at the redshift 1.4009. The luminosity distance is 10320.2 Mpc. We refer the 'radio core' at each frequency as the brightest component at the apparent, stationary base of the jet and associate it with the region of an optical depth τ ≈ 1 . The position angles (PA) are measured from North through East. The spectral index α is defined as S ∝ ν α , where S is the flux density, observed at frequency ν.
OBSERVATIONS AND DATA REDUCTION

Multi-epoch 4-43 GHz VLBA observations
The source S4 1030+61 was observed (code S2087E) with the Very Long Baseline Array (VLBA) of the National Radio Astronomy Observatory (NRAO) during four sessions: 2010-05-24, 2010-07-09, 2010-08-28, and 2010-10-18 (noted as 'epochs' below) . Full configuration of the array was used at C, X, Ku, K and Q frequency bands (according to the IEEE nomenclature), that corresponds to 6, 4, 2, 1.3, and 0.7 cm wavelengths respectively (see Table 1 ). In each band four 8 MHz-wide frequency channels (IFs) were recorded in right and left circular polarization with 2-bit sampling and total recording rate of 256 Mbps. The data were correlated at the NRAO VLBA Operations Center in Socorro (New Mexico, USA) with averaging time of 2 seconds. C and X bands are split into two sub-bands (each of 16 MHz width) centered at 4608.5, 5003.5, 8108.5, and 8429.5 MHz respectively and in the following analysis were processed independently. Ku, K and Q bands were not split into sub-bands, resulting in 32 MHz band width and centered at 15365.5, 23804.5 and 43217.5 MHz. On-source time at each epoch is of about 6 hr equally distributed over all frequencies.
The data were processed within the NRAO Astronomical Image Processing System (AIPS, Greisen 2003) with usage of the Caltech Difmap (Shepherd et al. 1994; Shepherd 1997) , following the standard procedure 2 . It includes i) a priori amplitude calibration with measured antenna gain curves and system temperatures; ii) phase calibration using the pulse phase calibration signal injected during the observations; iii) removal of residual phase delay and delay rate (known as 'fringe fitting'). During the fringe fitting a separate solution for the group delay and phase rate was made for each sub-band. The fringe-fit interval is chosen to be 2 minutes for C-, X-, and Ku-bands, 1 minute for K-band, and 30 seconds for Q-band. After fringe fitting, a complex bandpass calibration was made and residual amplitude corrections determined and applied, using AIPS task LPCAL, for a few sub-bands at specific antennas (see Table 2 ). The estimated accuracy of the VLBA amplitude calibration in the 5-15 GHz frequency range is of ∼5% and at 15-43 GHz of ∼10% (see also Kovalev et al. 2005; Sokolovsky et al. 2011) .
Polarization leakage parameters of the antennas (Dterms) were determined within AIPS with task LPCAL (Leppanen et al. 1995) . D-terms were examined for time stability (Roberts et al. 1994; Gómez et al. 2002) using the two polarizations of each IF at all antennas. Corrections have been calculated at C, X, K, and Q bands by comparing the R-L offset over one year time interval (VLBA experiments s2087 and bk134); and at Ku band by connecting our observations with the D-term phase solutions from 10-year MOJAVE VLBA program data. Thus, accuracy of leakage parameters approaches 2
• at C and X, 1
• at Ku, and 3
• at K and Q bands.
Absolute EVPA calibration was done using the position angles of 0851+202 (OJ 287) and 0923+392 from the VLA/VLBA Monitoring Program 3 (Taylor & Myers 2000) , the University of Michigan Radio Astronomy Observatory Table 3 . Results of Gaussian model fitting and component parameters at 4.6-43.2 GHz. Column designation: (1) observation date; (2) the name of the component ("U" stands for unclassified); (3) the integrated flux density in the component and its error; (4) the radial distance of the component center from the center of the image and its error; (5) the position angle of the center of the component relative to the image center; (6) the FWHM major axis of the fitted Gaussian; (7) axial ratio of major and minor axes of fitted Gaussian; (8) gram. Absolute calibration error is assessed as the difference in corrected EVPA between pairs of sub-bands for C and X bands, and at Ku, K and Q band it equals deviation of corrected EVPA from the EVPA of calibrators taken from the monitoring programs. The resulting absolute EVPA calibration error 2
• for the Ku band, and 4
• for other frequencies. Final calibration error of absolute vector position angle comprises errors from instrumental and absolute calibrations and is estimated to be 4.5
• at low frequencies (C and X), 2.5
• at Ku and 5
Multi-epoch 15 GHz MOJAVE observations
We supplemented our analysis with the data obtained within the MOJAVE program. Observations are done at 15.4 GHz with VLBA at ten epochs: 2009-06-25, 2009-12-26, 2010-12-24, 2011-04-11, 2011-05-26, 2011-07-15, 2012-01-02, 2012-03-27, 2012-11-11, and 2013-07-08 . The fully calibrated publicly available data were used. Details on the data reduction and calibration are given in Lister et al. (2009) . The absolute flux density of the observations is accurate within 5% (Lister & Homan 2005 Richards et al. (2011) .
Gamma-ray Fermi /LAT data
The γ-ray fluxes in the range 0.1-200 GeV were obtained with the LAT onboard the space Fermi γ-ray observatory from 2008-08-04 to 2014-02-23. The analysis of the data was done using the Fermi ScienceTools software package 7 version v10r0p5. We used Pass 8 data and the instrument response function P8R2 SOURCE V6. The diffuse models gll iem v06.fits and iso P8R2 SOURCE V6 v06.txt were used. The full light curve was built using 1 week time binning. The sources from 3FGL LAT catalog (Acero et al. 2015) with the high test statistics (TS, Mattox et al. 1996) were used to generate the source model. The source was modelled using a log-parabola
, where α=2.12 and β=0.11), remaining constant during full observed period. For each time bin, the integrated flux values were computed using the maximum-likelihood algorithm implemented in the science tool gtlike to estimate significance of the results. We used a detection criteria which corresponds to a maximumlikelihood test statistic TS > 4 or the number of model predicted photons is higher than 10 ( Abdo et al. 2011) . Otherwise a 2σ upper limit of the flux was computed.
Data fitting algorithm
To model structure of the source by a number of circular/elliptical two-dimensional Gaussian components were fitted to the fully calibrated visibility data (in the uv plane), using task modelfit in DIFMAP.
The MINUIT 8 (James & Roos 1975) 
RESULTS
Jet structure
S4 1030+61 has a one-sided jet structure, apparently short at mm and extending up to 13 mas at cm wavelengths. Stacked images of the source at 5. 0, 8.1, 15.4, 23.8 and 43.2 GHz are shown in Fig. 1 . The jet position angle at sub-mas scale is almost 180
• , meanwhile at mas scales changes to −170
• . The low-frequency image ( Fig. 1) shows that the jet bends at ∼ 5 mas from the core. The structure of the source is modelled to consist of five at 4.6 to 8.4 GHz, four at 15.4 and 23.8 GHz, and three Gaussian components at 43.2 GHz (see Table 3 ). All jet components have circular shape, except for the core in few cases discussed below.
In the 4.6-8.4 GHz range the core component is modelled to be elliptical through all epochs. At 15.4 GHz the core has elliptical shape extended toward a direction of the jet from 2009-12-26 to 2010-10-18 . Starting from 2010-12-24, the source model became more reliable by introducing an additional component apart from the core (see discussion below). From this date, the core could be also modelled with a circularly-shaped Gaussian component. Naturally weighted CLEAN images at 15.4 GHz are shown in Fig. 2 . At higher frequencies we model this new component through all four epochs separately from the core. At 43.2 GHz the emission in the extended jet region of the source is resolved, and model contains three components.
Theoretical models of AGN jets predict elongated shape of the core component (e.g., Blandford & Königl 1979; Daly & Marscher 1988) , arising from the conical or cylindrical jet geometry. Moreover, the VLBI studies of the jet samples indicate that core components are well described by elliptical Gaussians extended along the jet direction (e.g., Kovalev et al. 2005; Lee et al. 2008) . We have analyzed if the data are significantly better described if the new C3 component is introduced instead of explaining changes in the structure by a varying core component extension and flux density. The following two models of the source at 15.4 GHz have been considered: (i) the central feature (core and C3) has been modelled by a single elliptically-shaped Gaussian component, other jet component are circular, (ii) core, C3 and other jet components are modelled as separate circular Gaussians. Before the 2010-12-24 the (i) and (ii) models result in comparable values of the reduced χ 2 in the visibility domain and RMS intensity in the residual map. After this date, the model (ii) of the source structure is preferred by the both measures. This represents structural changes in S4 1030+61 core with time implying its circular shape and consequently prefers C3 as an individual component after 2010-12-24. The components were visually cross-identified between frequencies on the basis of their position with respect to the core. Only three components were found to have consistent cross-identification through all frequencies. Their positions and designations are indicated in Fig. 1 and Fig. 2 . The numeration of the components starts from the more distant component (C1) and increases (C2 and C3) towards the core. Thus it can be seen, that the core and C3 components are blended at 4.6-15.4 GHz, resulting in elliptical shape of the modelled Gaussian core component.
Kinematics
During the analysis the core is assumed to be stationary over all the epochs. The angular separation of the jet components from the core with time is shown on Fig. 3 . The lower limit on accuracy in position of the modelled components in the image, σposition, can be estimated as (Fomalont 1999; Lee et al. 2008) :
mas, where the FWHM of the modelled size component θc and beam size θ beam is used, and the signal to noise ratio S/N is calculated using the peak flux density (S) of the component and the residual noise (N ) of the image after subtraction of the model at the position of the component. If the the component is unresolved, then the upper limit can be used to estimate component's size as (Lobanov 2005; Kovalev et al. 2005 )
where θ beam is a beam size. The motion of the components was determined by least-square technique using linear dependence. All components meet good linear fit with no prominence of acceleration. Results of the fits are given in Table 5 , where transition from proper motion (µ) to the apparent speed (βapp) is done by
where DL is the luminosity distance and c is the speed of light. Apparent velocities are measured to be (2 ± 2)c for the component C1, (6.4 ± 0.4)c for C2, and (2.7 ± 0.7)c for C3. The estimated ejection time, which corresponds to the components crossing the position of the 15 GHz core, is given in Table 5 . Component C1 shows slow proper motion (see Fig. 3 ) and its modelled size does not change significantly during the observed period, and it can be considered stationary. 
Flux density evolution
The 15.4 GHz light curve of the modelled components is given in Fig. 4 . The core flux density shows high variability during the observed period even after the separation of C3 component, and gives main contribution to the total flux density of the source. Table 4 summarizes the information about S4 1030+61 fluxes at the seven frequencies and four epochs.
We combine data at 14 epochs made within the MO-JAVE program with the four years of OVRO data. Superimposed light curves are shown on Fig. 5 , where epochs from 2010-05-24 to 2010-10-18, are observed within our multiwavelength campaign. The value of VLBA total flux density is in good agreement with the single-dish OVRO flux density. Therefore, there is no extended emission resolved at VLBI scales. As seen in Fig. 5 MOJAVE observations represent different activity states of the source.
Evolution of the spectrum
The S4 1030+61 core region has a highly inverted spectrum, as shown in Fig. 6 . The spectral index evolves in time from 0.47±0.02 at 2010-05-24 to 0.69±0.02 at 2010-10-18, as a flare rises. This can be due to the passage of the C3 component through the core, which is modelled at 23.8-43.2 GHz separately, but blended with the core component at lower frequencies. But most probably, hardening of the spectra can be explained by particle injection (Fromm et al. 2013) during the flare and energy losses (Marscher & Gear 1985) . Emission downstream the core shows optically thin emission (see example in Fig. 6 ) with no signs of temporal evolution.
Brightness temperature
The brightness temperature (e.g., Kovalev et al. 2005 ) of a slightly resolved component in the source rest frame is given by
The θmaj and θmin in the equation are FWHMs of the modelled Gaussians components along the major and minor axes in mas, Scomp is the flux density of the component in Jy, and the observed frequency ν is in GHz. If the component is unresolved, then the upper limit can be used, according to equation (2). The behavior of the component's brightness temperature with time at 15.4 GHz is shown in Fig. 7 , while the evolution of the brightness temperature with the distance from the core (r) and with the component's size (d) are shown in Fig. 8 .
Under an assumption of a stable conical jet with constant Lorentz factor of the emitting electrons and power-law dependences of the particle density, magnetic field strength, and jet transverse size, the brightness temperature for optically thin synchrotron emission should follow power law (see Kadler et al. 2004 )
where l, n and b are power-law indices of the gradient in the jet transverse size (d ∝ r l ), electron energy distribution (Ne ∝ r −n ), and magnetic field distribution (B ∝ r −b ). The fit over all epochs results in f = 2.77 ± 0.04 at 15.4 GHz (where 14 epochs are available) and f = 2.71 ± 0.02 at 4.6 GHz (where the extended structure of the source is observed). The fitted power index ξ equals to 2.73 at 15.4 GHz and 2.83 at 4.6 GHz. Thus, our data well meet a powerlaw decrease of the brightness temperature with distance and component's size. The derived value of the power-law f at parsec scales agrees with theoretical predictions for a straight and a continuous conical jet (Kadler et al. 2004; , although the brightness temperature of the jet beyond 5 mas downstream experiences a deviation from the power-law, where the jet bends.
Core shift analysis
We studied the apparent frequency-dependent shift of the radio core position (Marcaide & Shapiro 1984; Lobanov 1998) . We aligned the images using a method of 2D crosscorrelation of the optically thin emission regions in the image plane (e.g., Walker et al. 2000; O'Sullivan & Gabuzda 2009b) . The method, which uses a modelled optically thin component as a reference point, did not provide good results, Table 6 .
because of (i) ongoing flaring activity, (ii) low flux density in the extended jet component of the source at high frequencies, and (iii) blending of the core with the newly-born component.
The core shift was calculated as ∆ r = ∆ r12 − ( r1 − r2), where r1 and r2 are positions of the core relative to the phase center of the images at two frequencies, and ∆ r12 is the displacement between the phase centers of the images at two frequencies. The measures of displacement ∆ r12 are done with the 2D cross-correlation method with the accuracy to be equal the pixel size of the convolved images, 0.05 mas.
The measured values of the core shift are given in Table 6 for all epochs. The frequency dependence of the core shift is shown in Fig. 9 for the 2010-07-09 and 2010-10-18 epochs, when a satisfactory fit of the data can be made. The shape of the curve can be described by a rc(ν) = a+bν −1/kr law (Lobanov 1998) , where rc(ν) is position of the core at frequency ν, and coefficient kr holds information about physical conditions in the ultracompact jet region:
The indices b and n are the same as in equation (5). We fixed the value of kr = 1, which is applicable if (i) the dominating absorption mechanism is synchrotron self-absorption, (ii) the jet has a conical shape, and (iii) the equipartition the particle and magnetic field densities holds (see, e.g., Blandford & Königl 1979; Lobanov 1998; Hirotani 2005; Zamaninasab et al. 2014; Zdziarski et al. 2015) . Our observations agree well with kr = 1 (e.g., O'Sullivan & Gabuzda 2009b; Sokolovsky et al. 2011; Zdziarski et al. 2015) . The two-frequency core position offset Ωrν then is given by (Lobanov 1998) Ωrν = 4.85 · 10
where ∆r is measured core shift at two frequencies ν1 and ν2 (ν1 < ν2, GHz) in mas, and the luminosity distance is measured in parsecs. We calculated the average Ωrν value through the 15. 4-8.4, 15.4-8.1, 15.4-5.0, and 15.4-4.6 GHz pairs, using the 2010-07-09 and 2010-10-18 epochs, considering kr = 1. This results in a value of (32±8) pc·GHz, which is similar to the findings of Pushkarev et al. (2012) in a large number of sources.
Linear polarization
S4 1030+61 shows linear polarization in the jet and core regions at 4.6 and 5.0 GHz, and only in the core region at other frequencies. The evolution of the polarized flux density and degree of polarization with time and frequency is given in Table 4 and Table 8 . Both the linearly polarized flux density and the degree of linear polarization at 15.4 GHz do not show correlation with the total flux density. The degree of polarization shows a peaked shape (see Fig. 10 ) with wavelength, with the maximum around 4.5 cm, indicating the complex polarized structure of the source. It was shown (e.g., Farnes et al. 2014 ) that a Gaussian function reproduces well the wavelength-dependence of various number of Faraday effects (Sokoloff et al. 1998 ). The resulting Gaussian fit, given in Fig. 10 , is very close to the anomalous depolarization (Sokoloff et al. 1998; Homan 2012) or to the smearing of multiple RM components (Conway et al. 1974 ).
Faraday rotation
In order to restore the intrinsic direction of polarization we calculated the Faraday rotation measure (RM, Burn 1966; Tribble 1991) . To perform the Faraday analysis we split the full frequency range on three ranges: 4.6-8.4 GHz, 8.1-15.4 GHz and 15.4-43.2 GHz because of (i) the significant difference in the image resolution, (ii) the complex behavior of degree of polarization with wavelength (see Fig. 10 ) and (iii) opacity effects in this region. All images were convolved with the appropriate beam size and coaligned using the optically thin components (see Section 3.6). We assume a linear dependence of electric vector position angle φ (EVPA) from squared wavelength in frequency intervals:
where φ0 is the intrinsic source's EVPA. In such case only lower estimates on the value of Faraday RM can be obtained. The value of the Faraday rotation of the our Galaxy interstellar medium measured to be of 10.2 ± 9.6 rad m −2 (Taylor et al. 2009 ). All results given in this paper do not include separate compensation for the Galaxy rotation.
The estimated values of the rotation measure are given in Fig. 11 and summarized in Table 7 . The assumption about linear dependence is valid for the fit at 1.4-15.4 GHz range, where the rotation may be attributed to the medium, located in front of the emission region (external screen). Meanwhile, Table 7 .
we see significant departure from the linear dependence at higher frequencies (15 to 43 GHz). While a least-squares linear regression fits the data satisfactorly in this range at epochs 2010-07-09 and 2010-08-28, a significant deviation from the linear dependence is seen at 2010-05-24 and 2010-10-18, even if nπ-rotations have been applied. Thus, the provided measured values of the RM in Table 7 should be considered as lower limits. If the anomalous depolarization takes place, then the core of S4 1030+61 posses twisted magnetic field with rever- 
Direction of polarization
The electric vectors maps, uncorrected for RM, are shown in Fig. 12 and Fig. 13 . Faraday effects are less prominent at higher frequencies and we analyse them first. The 43.2 GHz EVPA is directed along the jet at 2010-05-24 (see Fig. 13 ), and rotates on 90
• and became transverse to the jet direction at later epochs. While EVPA at 23.8 GHz keeps transverse direction through these epochs. This 90
• jump of EVPA at 43.2 GHz may be due to (i) time variations of the Faraday rotation measure, (ii) smearing of the polarized emissions of emerging component and the core and (iii) change in the opacity at this epoch. If (i) option holds, then RM of 3×10 4 rad·m 2 is needed to rotate EVPA on 90
• between 23.8 and 43.2 GHz. If such RM is presented, then it will affect other frequencies, which is not observed. The behavior of the polarization degree with wavelength ( Fig. 10) is consistent with option (ii), suggesting smearing of the polarized emissions of the core and C3 components through all four epochs. Since the 90
• jump is seen only during the first epoch, this option is not applicable too. It is more likely that 90
• flip is resulted from opacity change as a precursor of radio outburst (see, e.g., Abdo et al. 2010; Orienti et al. 2011) . Since the core of S4 1030+61 is only partially opaque (see Fig. 6 ), direction of the electric and magnetic fields is coincide. Together with results above this implies transverse magnetic field in the core of the quasar.
Considering these results with 15 GHz MOJAVE EVPA maps (Fig. 12) , we see relatively small (tens of degrees) variations of the EVPA during the activity states of the source. Since these values are uncorrected for Faraday rotation, it can not be distinguished, whether these variations come from RM changes or from changes in orientation of the magnetic field. The measured value of the Faraday rotation at 2010-05-24 -2010-10-18 of few hundreds rad m −2 alters the 15 GHz EVPA on 6.5
• , and should not change significantly values discussed above.
Decomposition of the radio light curve into flares
The radio light curves can be considered as a sum of the emission from the quiescent jet and the single flares (out- bursts) connected with the ejection of a new VLBI component from the radio core (Savolainen et al. 2002) . Under such assumption, the radio light curve can be decomposed into individual exponential flares . From the fits, the intrinsic jet parameters can be estimated Hovatta et al. 2009 ) using the fastest flare: Lorentz factor (Γvar), Doppler boosting factor (δvar), and the viewing angle (θvar). Following this idea, the radio flux density can be represented as the sum of the flares with the shape given by ∆S(t) = ∆Smaxe (t−tmax)/τ , t < tmax, ∆Smaxe (tmax−t)/1.3τ , t > tmax,
where ∆Smax is the maximum amplitude of the flare in Jy, tmax is the epoch of the flare maximum and τ is the rise time of the flare in days. The lower limit on the observed variability brightness temperature of the source (in its proper frame) for a homogeneous sphere is given by
where DL is the luminosity distance in meters, ν is the observed frequency in GHz, and z is the redshift. The variability Doppler factor is defined as
where the intrinsic brightness temperature T b,int is equipartition temperature, 10 11 K (Readhead 1994) . Taking into account apparent superluminal velocities of the jet components βapp, the variability Lorentz factor Γvar and the jet viewing angle θvar can be calculated using following equations:
The result of the decomposition of the 4-years 15 GHz The modelling of the 15 GHz data shows that before 2011-03-07 the core has an elliptical shape. Meanwhile, after the flare reached a maximum, the model of the source in the core region became more reliable with the introduction of the C3 component. Savolainen et al. (2002) show that time ejection of the new components in AGN jets is close to the peak of a flare. Our modelling shows that C3 was ejected in the middle of 2007, which makes the connection of the 2011-03-07 flare with C3 to be unlikely. It is supported by Fig. 4 , which shows that flaring activity in the radio band after 2011-03-07 takes place in the core.
To calculate jet parameters, we consider the fastest measured velocity in the jet of S4 1030+61, 6.4c, and the velocity of a newly born component, 2.7c. It results in Γvar = 9.0 ± 1.1 and θvar = 2.7
• ± 0.6 • and Γvar = 7.9 ± 1.0 and θvar = 1.3
• ±0.4
• for these velocities accordingly, and are typical for Fermi -detected quasars (e.g., Savolainen et al. 2010; Lister et al. 2011) 3.11 Connection of the radio and γ-ray regions In S4 1030+61, prominent variability in the γ-ray is observed during 2010-04-01 and 2011-11-25 and in the middle of the year 2013 (see Fig. 5 ). To investigate the connection between the radio and γ-ray variability, we performed a crosscorrelation analysis using the discrete correlation function (DCF; Edelson & Krolik 1988) , for the unevenly sampled light curves. The DCF is estimated as
where ai, bj are the observed fluxes at times ti and tj, and aτ ,bτ , σaτ and σ bτ are the means and standard deviations of the points in the overlapping time lag bins, which constrains the DCF within the [−1, +1] interval (e.g., Welsh 1999). The final DCF obtained from the average of the bins is shown in Fig. 14. The significance of the DCF peak is then tested by cross-correlating 1000 simulated light curves at radio and γ-ray bands. The light curves are simulated with a powerlaw slope of 2.75 and 1.70 at radio and γ rays, respectively. From the distribution of the DCF at every time lag bin, we estimated the 68.27 per cent (1σ), 95.45 per cent (2σ) and 99.73 per cent (3σ) significance levels. These are denoted by the red, green, and blue lines, respectively, in the Fig. 14 . For details of the procedure used in estimating the powerlaw slope of the light curves and the significance of the crosscorrelation, see Ramakrishnan et al. (2015) . The correlation between the radio and γ-ray light curves is insignificant. By visual inspection of the light curves (Fig. 5) it is evident that both bands experience enhanced activity around the same time. From Fig. 4 we can also see that the radio flaring is due to the flaring of the core component, as was also suggested to be the site of flaring in both radio and γ-ray bands by Kovalev et al. (2009) and Pushkarev et al. (2010) . The first and strongest γ-ray flare peaks at 2010-04-15 and the first large radio flare during this activity period at 2011-03-07. If we assume that the events are connected, we can estimate the spatial separation between the emitting regions at these wavelengths. Following Pushkarev et al. (2010) the distance between the locations of γ-ray and radio core emission is ∆r = δΓβc∆t obs sinθ(1 + z) ,
where ∆t obs is the observed time delay between two wavelengths. Considering the time lag between γ-ray and radio peaks of 0.8 years, it results in a deprojected distance of the γ-ray emitting region from the 15 GHz radio core of about 12 pc. The suggested γ-to-radio delay and the estimated distance are typical for γ-bright quasars (Pushkarev et al. 2010 ). Table 4 . The FWHM of the synthesized beam is shown by crosses. The overlaid color images show the linearly polarized intensity in mJy and are within the same range as in Fig. 12 .
DISCUSSION
S4 1030+61 shows flaring activity at radio wavelengths through the five years of observations without reaching a quiescent state. Meanwhile at γ rays it has two prominent activity periods. The OVRO light curve (Fig. 5) shows that the source experienced its largest flare in early 2014, and may be 
1030+611
15 GHz vs. γ-ray Figure 14 . DCF obtained from the correlation of radio and weekly binned γ-ray light curves in the frame of observer for S4 1030+61. The dotted lines correspond to 1σ, 2σ, and 3σ significance levels, and are given in red, green and blue with distance from the zero level respectively.
connected with enhanced activity in the γ-ray band. Despite the strong activity of the source, our kinematic analysis at 15 GHz does not provide evidence for the birth of another component. The C1 component seems to be stationary, that can be explained by (i) changes of the angle between the line of the jet propagation and the line of the sight (bending of the jet), (ii) interaction of the component with the boundary between the jet outflow and the interstellar medium (e.g., Homan et al. 2003) or by (iii) a standing shock in a jet. The decrease of the brightness temperature with distance at 15 GHz well follows a power-law up to the location of the C1 component (see Fig. 8 ), which places the region where jet bends, further downstream the jet. This makes option (i) to be unlikely. The spectral index maps show optically-thin emission at the location of C1 (see Fig. 6 ), which also rules out option (ii). The observed value of the brightness temperature (T obs ) may be connected to the intrinsic temperature (Tint) via the Doppler factor: T obs = δTint. Taking into account the estimate of δ = 15, the average core brightness temperature is close to the equipartition value of 10 11 K during the first six VLBA epochs (2009-06-25 -2010-10-18) , where the source shows a moderate flux variations. Meanwhile, the average brightness temperature after the separation of C3 components is 3.3 × 10 11 K. Homan et al. (2006) show that the AGN jet cores are close to equipartition in their median-low state, meanwhile jets at their maximum brightness state go out of equipartition. The upper limit of 2 × 10 11 K in intrinsic brightness temperature reported by the authors is close to our estimate. They suggest that jets become particle dominated during the flaring activity, resulting from particle injection or acceleration at the jet base. Hardening of the S4 1030+61 spectrum during the outburst evolution at the end of 2010 (see Fig. 6 ) supports this suggestion.
The brightness temperature of the source's jet decreases with the distance r from the jet base and the size of the components d as T b,jet ∝ r −f and T b,jet ∝ d −ξ accordingly. The estimated power-law indices at 4.6 and 15.4 GHz are f = 2.75 ± 0.04 and ξ = 2.8. Considering these results, the power-law index of the jet width decrease with distance from the core l can be estimated as f /ξ (see and resulted in the value of l close to 1. Applying this to equation (5) and (6), together with α = −0.82 ± 0.2 at the position of C2 component, leads to the values of powerlaw indices n = 1.7, b = 1.1. These results implies that the equipartition between magnetic and particle energies holds in the S4 1030+61 jet, while transverse magnetic field component dominates in the magnetic field density.
The deprojected distance of the apparent radio core from the central black hole can be estimated as
where ν is the observed frequency in GHz, and Ωrν is the core position offset (pc·GHz), given by equation (7) (Lobanov 1998) . The resulted value is of (32±8) pc·GHz. Taking into consideration the maximum observed apparent speed, the absolute distance of the 15.4 GHz core from the AGN central engine then equals to (14±3) pc, which is close to the median value of 13.2 pc measured by Pushkarev et al. (2012) for quasars. Thus, the 15 GHz core lies outside of the broad line region. Estimation of the magnetic field strength at 1 pc can be made through the proportionality (Hirotani 2005; O'Sullivan & Gabuzda 2009a; Zdziarski et al. 2015 )
where φ is the half-openning angle of the jet. Considering 2φ ≃ 0.26Γ −1 (Pushkarev et al. 2009 ), the magnetic field strength estimate at 1 pc is of 2.2 G. The magnetic field strength in the core at observed frequency can be found as Bcore(ν) = B1r If we assume that the 2010-04-15 γ-ray flare and the 2011-03-07 radio flare are connected, then the time lag of 0.8 years between these flares (see Section 3.11) resulted in an estimate of deprojected distance of the γ-ray emitting region from the 15 GHz core of about 12 pc. The core shift measure (see above) places the 15 GHz core at absolute distance of (14±2) pc from the central engine. Applying these results, we interpret that the γ-ray emission originates at 2 pc from the central engine.
The cross-correlation of the radio and γ-ray light curves is not significant. This could be due to the much faster variability time scales at the γ-ray band. Inspecting Fig. 5 by eye, it is evident that both bands experience enhanced activity around the same time. The lack of detection of a VLBI component at this period could be due to dissipation of the disturbance, causing γ-ray emission, on the way from γ-ray production region to the radio core position. The ongoing γ-ray activity after the strongest flare may be due to scattering of the seed photons on the jet medium. Marscher et al. (2010a,b) suggest that this medium might be a relatively slow sheath of the jet or a faster spine from observations of PKS 1510-089. Meanwhile, the γ rays from the main flare are caused by inverse Compton scattering.
The short variability interval of the γ-ray flux suggests compactness of the emitting region. Following Jorstad et al. (2005) , the size of the emitting region (R) cannot be larger than R < ∆tδc, where ∆t is the minimum variability timescale. The minimum detectable variability, seen on the γ-ray light curve is within 2 weeks (and limited by Fermi detectability), which implies R to be less than 0.18 pc. The size of the 43.2 GHz radio core is 0.12 pc (considering the size of the modelled core to be 0.014 mas). The deprojected distance of the 43.2 GHz core to the central engine, following equation (7) and equation (16), is estimated to be 1.3 pc. This value is close to the estimated earlier possible location of the γ-ray emission region of 2 pc from the central engine. It implies that the γ-ray emission may be localized in the 7 mm core region.
Variations of the parsec-scale jet orientation with time and distance from the jet base have been observed in many blazars (e.g., Stirling et al. 2003; Agudo 2009; Lister et al. 2013) . Rani et al. (2014) relate these variations with the γ-ray flux variability, and received significant correlation between them. Structural changes in jet orientation of S4 1030+61 are seen in Fig. 1 . Its PA changes from about ∼166
• (at 5 mas from the core) to 170
• (at the position of C2) and to about −170
• (at the position of C3). Such variations might cause an absence of a correlation between radio and γ-ray bands in S4 1030+61: changes of jet orientation on sub-parsec-scales after strongest γ-ray flare may cause γ-ray flux to be too faint for its detection by Fermi.
The core region of the source is strongly affected by Faraday effects, which result in the complex behavior of the linear polarization degree with λ. The dependence differs from the expected behavior for the optically thick region of a jet (Pacholczyk & Swihart 1967) . Possible explanations for such behavior are the following: (i) anomalous (Sokoloff et al. 1998) or inverse (Homan 2012) depolarization, which appears in a regular twisted or tangled magnetic fields; (ii) spectral depolarization (Conway et al. 1974) due to smearing of multiple components within the observed region. Unfortunately, distinguishing between these alternatives is difficult. The EVPA vs. λ 2 behavior is consistent with both hypotheses. If the option (i) holds, then the relatively similar behavior of the degree of polarization in time implies a constant field pitch angle during the radio flare. The change in the amplitude then may imply a change in the strength of the magnetic field during the flare, which is supported by observed changes in the Faraday rotation. In turn, the RM is connected with both the magnetic field along the line of sight, and the electron density. Though Broderick & McKinney (2010) pointed out that the RM in the core region should be treated cautiously. Quantities there change on scales much smaller than the observed interferometric beam, thus all characteristics will be smeared. The new component will undergo compression while passing the radio core resulting in changes both in strength of magnetic field and electron density. D' Ammando et al. (2013, and references therein) show that the source at any active state could be described by changing only in the electron distribution. The option (ii) can be true, since the core shows inverted spectrum and the C3 component is too close to the core to be studied separately.
Taylor (2000) and Zavala & Taylor (2001) also observed temporal variations in polarized intensity and RM value in the cores of 3C 273 and 3C 279. The authors relate these changes to the creation and ejection of new components there. Indeed, Lister et al. (2013) report on emergence of the new components in these sources at times close to observing epochs of Taylor (2000) and Zavala & Taylor (2001) . Lico et al. (2014) and Giroletti et al. (2015) show significant temporal variations of polarized flux density, RM and direction of intrinsic EVPA in the core of Markarian 421 during its γ-ray activity, which connects the magnetic field and γ-ray emission. Assuming RM changes of 400 rad m −2 (twice the measured value in 8.1-15.4 GHz range) in the core of S4 1030+61 through the 14 observational epochs, the 15.4 GHz EVPA then should rotate on about 9
• , which has no significant influence on the φ0 relative to the observed EVPA, given in Fig. 2 . This likely connects changes in EVPA at 15.4 GHz with the orientation of the magnetic field. No clear connection of the magnetic field direction with the activity state can be made.
SUMMARY
We conducted a radio and γ-ray study of the quasar S4 1030+61, using multiwavelength data in the period of 2009-2014. The conclusions are following.
(i) The kinematic analysis shows the presence of three jet components, C3, located within few pc from the 15.4 GHz core moving with an apparent velocity of (2.7±0.7)c, C2 with (6.4±0.4)c at distances of 7 to 10 pc from the core, and a stationary component C1 with the estimated velocity is (2±2)c and located few tens of parsec from the core. All components were ejected before the time of our observations.
(ii) The decomposition of the 15.4 GHz OVRO radio light curve reveals nine prominent radio flares, with the fastest one occurred at 2011-11-18. The estimated variability parameters of the jet are as follows: Doppler factor δvar ≈ 15, Lorentz factor Γvar = 9.02 ± 1.10, and viewing angle θvar = 2.7
• ± 0.6
• . (iii) The core shift results do not change significantly within three months of our multi-frequency VLBI observations. The deprojected distance of the 15.4 GHz core to the central black hole is estimated as 14±3 pc, and is close to the median value of 13.2 pc measured by Pushkarev et al. (2012) for MOJAVE quasars.
(iv) The estimated magnetic field strength at 1 pc from the central engine of the quasar is of 2.2 G and decreases with the distance as B ∝ r −1.1 , while electron density distribution and the gradient in the jet transverse size decrease as N ∝ r −1.7 and d ∝ r respectively. (v) If the strongest γ-ray flare is associated with one of the strongest radio flares during 2009-2014, the deprojected distance between the γ-ray emitting region and the 15.4 GHz apparent core position is estimated to be about 12 pc. Together with the core shift analyses it results in the location of the region where γ-ray emission originates to lie within 2 parsecs from the central black hole. The shortest γ-ray variability time-scale may indicate that the γ-ray emission originates close to the mm radio core.
(vi) We detected changes in the value and direction of linear polarization during the source flaring activity. The EVPA shows slight variations of its direction during the flares, with no clear correlation with the activity state or total flux density. 90
• EVPA flip is observed during the beginning of the strongest radio flare, which is likely resulted from opacity change. The Faraday rotation measure shows variations in its value with time. Therefore, changes in the magnetic field strength, the electron density or the size of the region are taking place.
(vii) The value of the intrinsic brightness temperature in the core is estimated to be > 3.3 × 10 11 K, which is above the equipartition value. The brightness temperature gradient with the distance from the core is well approximated by a power-law.
(viii) Temporal hardening of the core spectrum, the high value of the core brightness temperature and changes in the value of Faraday RM imply that the radio flaring activity of S4 1030+61 is accompanied by injection of relativistic particles and energy losses at the jet base.
Summarizing, our results show that the jet of S4 1030+61 can be well described by standard conical jet theories (e.g., Blandford & Königl 1979) .
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